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LDO REGULATOR CAPABLE OF BEING
OPERATED AT LOW VOLTAGE AND
SEMICONDUCTOR DEVICE INCLUDING
THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority under 35 U.S.C. §
119 to Korean Patent Application No. 10-2022-0100499,
filed on Aug. 11, 2022, in the Korean Intellectual Property
Office, the disclosure of which is incorporated by reference
herein in its entirety.

BACKGROUND

[0002] The present disclosure relates to a low dropout
(LDO) regulator and a semiconductor device including the
same, and more particularly, to an LDO regulator which may
be operated at a low voltage and a semiconductor device
including the same.

[0003] A low dropout (LDO) regulator is a type of voltage
regulator that applies a constant power voltage to an inte-
grated circuit. Particularly, the LDO is a linear regulator that
is effective for realizing high power efficiency when a
potential difference between an input voltage and an output
voltage is relatively small. Recently, as semiconductor
devices become highly integrated or portable, there is a need
for using low-voltage driving to reduce power consumption.

SUMMARY

[0004] The present disclosure describes a low dropout
(LDO) regulator which may be operated at a low voltage and
a semiconductor device including the same.

[0005] According to an aspect of the present disclosure, A
low dropout (LDO) regulator comprises one or more power
transistors configured to dispose an input node and an output
node, wherein the input node is a node to which an input
voltage is applied and to the output node is a node from
which t an output voltage is output; a voltage comparing unit
configured to generate a comparative signal based on a
difference between the output voltage and a first reference
voltage; a digital control unit configured to generate a
control signal for gating of the one or more power transistors
in response to the comparative signal; and a gate driving unit
configured to output a gating signal for the one or more
power transistors in response to the control signal, wherein
the gating signal is corresponding to one of the input voltage
and a negative of the input voltage.

[0006] According to an aspect of the present disclosure, an
LDO regulator includes a coarse loop for regulating an
output voltage of an output node within a first voltage range
by controlling gating of one or more coarse power transis-
tors; and a fine loop for regulating the output voltage within
a second voltage range narrower than the first voltage range
by controlling gating of one or more fine power transistors,
wherein each of the one or more coarse power transistors
and the one or more fine power transistors is gated by a
gating signal, wherein the gating signal is corresponding to
one of an input voltage and a negative of the input voltage.
[0007] According to an aspect of the present disclosure, a
method includes generating an output voltage using one or
more power transistors of a low dropout (LDO) regulator,
wherein the output voltage is based on an input voltage of
the one or more power transistors; determining a difference
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between the output voltage and a reference voltage; and
generating a gating signal for the one or more power
transistors based on the difference between the output volt-
age and a reference voltage, wherein the gating signal
comprises the input voltage or a negative of the input
voltage.

[0008] According to another embodiment of the present
disclosure, there is provided a semiconductor device includ-
ing the LDO regulator described above.

BRIEF DESCRIPTION OF THE FIGURES

[0009] The above and other objects and features of the
present disclosure will become apparent by describing
embodiments thereof with reference to the accompanying
drawings. The present disclosure describes a low dropout
(LDO) regulator which may be operated at a low voltage and
a semiconductor device including the same.

[0010] FIG. 1 illustrates a low dropout (LDO) regulator
according to an embodiment of the present disclosure;
[0011] FIGS. 2 and 3 respectively illustrate the relation-
ship between a gate driving unit and a power transistor
according to an embodiment of the present disclosure;
[0012] FIGS. 4 through 7 respectively illustrate a gate
driving unit according to an embodiment of the present
disclosure;

[0013] FIGS. 8 and 9 respectively illustrate operations of
the gate driving unit of FIG. 7;

[0014] FIGS. 10 and 11 respectively illustrate an L.DO
regulator according to an embodiment of the present disclo-
sure;

[0015] FIG. 12 illustrates a voltage recovery unit accord-
ing to an embodiment of the present disclosure;

[0016] FIG. 13 illustrates an auxiliary comparator accord-
ing to an embodiment of the present disclosure;

[0017] FIG. 14 illustrates a voltage recovery unit accord-
ing to an embodiment of the present disclosure;

[0018] FIG. 15 illustrates a function of a voltage recovery
unit according to an embodiment of the present disclosure;
[0019] FIGS. 16 and 17 respectively illustrate an LDO
regulator according to an embodiment of the present disclo-
sure;

[0020] FIG. 18 illustrates a leakage current compensation
unit according to an embodiment of the present disclosure:
[0021] FIGS. 19 and 20 respectively illustrate operations
of a leakage current compensation unit according to an
embodiment of the present disclosure;

[0022] FIGS. 21 through 23 respectively illustrate an LDO
regulator according to an embodiment of the present disclo-
sure; and

[0023] FIG. 24 illustrates a semiconductor device accord-
ing to an embodiment of the present disclosure.

DETAILED DESCRIPTION

[0024] The present disclosure relates to a low dropout
(LDO) regulator, and a semiconductor device including the
LDO regulator. An LDO regulator is a voltage regulator that
can regulate output voltage when the supply voltage is close
to the output voltage. In some embodiments, the LDO
regulators is a digital DC voltage regulator.

[0025] Embodiments of the present disclosure include a
LDO regulator that enables a faster transient response than
conventional voltage regulator. Embodiments of the present
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disclosure can reduce or eliminate switching noise and
enable smaller device size compared to conventional voltage
regulators.

[0026] In some embodiments, an LDO regulator does not
depend on a sampling frequency. In some embodiments, the
LDO regulator is operated at a lower voltage than conven-
tional voltage regulators by generating a negative gating
voltage. Accordingly, embodiments of the disclosure include
an LDO regulator with high efficiency, low power, and high
stability while reducing transient response, ripple and power
supply rejection ratio (PSRR).

[0027] FIG. 1 illustrates an L.DO regulator 100 according
to an embodiment of the present disclosure.

[0028] Referring to FIG. 1, the LDO regulator 100,
according to an embodiment of the present disclosure,
includes one or more power transistors PT, a voltage com-
paring unit 120, a digital control unit 130, and a gate driving
unit 140.

[0029] The power transistors PT may be respectively
connected between an input node IND, to which an input
voltage VIN is applied, and an output node OND, from
which an output voltage VOUT is output. The transistors PT
may be p-type metal oxide semiconductor (PMOS) transis-
tors.

[0030] A level of a driving current Idrv applied to the
output node OND may vary based on the number powered-
on power transistors of the power transistors PT. For
example, if the driving capabilities of the power transistors
PT are the same, and the driving current Idrv at a first level
is required to turn on a first number of (e.g., n, where n is a
natural number) power transistors PT, then when twice as
many (e.g., 2n) power transistors PT are turned on, the
driving current Idrv at a second level, which is double the
driving current Idrv at the first level, is required.

[0031] The voltage comparing unit 120 may generate a
comparative signal XCOM, which corresponds to a differ-
ence between the output voltage VOUT and a first reference
voltage VRF1.

[0032] The output node OND may be connected to a load
of functional blocks and may apply the output voltage
VOUT to operate the functional blocks, where the load is an
electrical component or circuit being powered. For example,
when the LDO regulator 100 according to an embodiment of
the present disclosure is included in an application proces-
sor, the functional blocks connected to the output node OND
may be a central processing unit, a display controller, and a
memory controller. In some cases, the output voltage VOUT
from the output node OND may have a constant voltage
level (e.g., a voltage level corresponding to the first refer-
ence voltage VRF1) when an amount of current drawn by
the functional blocks varies. Accordingly, the functional
blocks connected to the output node OND may be stably
operated.

[0033] The voltage comparing unit 120 may include, for
example, an operational (OP) amplifier or a set-reset (SR)
latch. In this case, the output voltage VOUT and the first
reference voltage VRF1 are respectively applied to two
input terminals of the voltage comparing unit 120, and the
comparative signal XCOM is output from an output terminal
of the voltage comparing unit 120. For example, when the
output voltage VOUT is the same as or greater than the first
reference voltage VRF1, the comparative signal XCOM is
output as logic high (“H”). When the output voltage VOUT
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is lower than the first reference voltage VRF1, the compara-
tive signal XCOM is output as logic low (“L”).

[0034] A digital control unit 130 receives the comparative
signal XCOM from the voltage comparing unit 120. The
digital control unit 130 may generate a control signal XCON
in response to the comparative signal XCOM. The control
signal XCON may be used to control the gating of the power
transistors PT. For example, the control signal XCON may
be used to control the switching on and off of some power
transistors.

[0035] Insome cases, according to the level of the driving
current Idrv required with respect to the output voltage
VOUT, the number of powered-on power transistors of the
power transistors PT may vary. The control signal XCON
may be generated based on the number of powered-on
power transistors, which corresponds to the comparative
signal XCOM.

[0036] According to some embodiments, in order to con-
trol the switching on and off of transistors among the
plurality of transistors PT, the control signal XCON may be
generated to have a number of a plurality of bits that
correspond to a number of the power transistors PT.

[0037] For example, when the number of the power tran-
sistors PT is 64, the control signal XCON may be generated
with 64 bits indicated by the symbol [63:0]. Each bit in the
control signal XCON may correspond to a different power
transistor in the power transistors PT. To turn a transistor off,
the corresponding bit in the control signal may be set to “0”
(logic low); to turn the transistor on, the corresponding bit
may be set to “1” (logic high). Accordingly, the control
signal can be used to control the switching on and off of
individual transistors in the group.

[0038] In response to the control signal XCON, for con-
trolling gating of each power transistor PT, the gate driving
unit 140 may output a gating signal XGT. The gating signal
XGT can be one of the input voltage VIN and a negative of
the input voltage —VIN of the corresponding power transis-
tor PT. For example, when a bit in the control signal XCON
is set to “1” (logic high), the gate driving unit 140 may
output the input voltage VIN as the gating signal XGT for
the corresponding power transistor and when a bit in the
control signal XCON is set to “0” (logic low), the gate
driving unit 140 may output the negative of the input voltage
-VIN as the gating signal XGT.

[0039] Accordingly, a method for operating an LDO regu-
lator includes generating an output voltage using one or
more power transistors of an LDO regulator, wherein the
output voltage is based on an input voltage of the one or
more power transistors; determining a difference between
the output voltage and a reference voltage; and generating a
gating signal for the one or more power transistors based on
the difference between the output voltage and a reference
voltage, wherein the gating signal comprises the input
voltage or a negative of the input voltage.

[0040] In some aspects, the method includes generating a
comparative signal based on the difference between the
output voltage and a first reference voltage and generating a
control signal based on the comparative signal, wherein the
gating signal is generated based on the control signal. In
some aspects, the control signal comprises a plurality of bits
for controlling a plurality of the one or more power tran-
sistors, respectively, and generating a plurality of gating
signals corresponding to each of the plurality of bits,
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wherein each of the plurality of gating signals comprises the
input voltage or a negative of the input voltage.

[0041] FIGS. 2 and 3 respectively illustrate a relationship
between the gate driving unit 140 and the power transistors
PT according to an embodiment of the present disclosure.

[0042] Referring to FIGS. 2 and 3, the gate driving unit
140 according to an embodiment of the present disclosure
may include a number of the plurality of gate drivers GD
corresponding to the number of the power transistors PT. For
example, the gate driving unit 140 according to an embodi-
ment of the present disclosure may include n gate drivers
GD #1-GD #n, where n is the same as the number of power
transistors PT (as shown in FIG. 2). In a different example,
the gate driving unit 140 according to an embodiment of the
present disclosure may include a gate drivers GD #1-GD #a,
where a is less than the number b of power transistors PT (as
shown in FIG. 3).

[0043] In the example where the gate driving unit 140
includes a gate drivers and there are b power transistors (a
less than b), one gate driver GD may generate the gating
signals XGT with respect to two or more power transistors
PT. Here, each of the gate drivers GD #1-GD #a in the gate
driving unit 140 according to an embodiment of the present
disclosure may perform a gating operation with respect to
the power transistors PT, which are in the same numbers, or
the power transistors PT, which are in different numbers.
FIG. 3 illustrates that a first gate driver GD #1 is shared by
a first power transistor PT #1 and a second power transistor
PT #2, where the a-th gate driver GD #a performs a gating
operation on the b-th power transistor PT #b.

[0044] Hereinafter, description of the structure and opera-
tion of the gate driving unit 140 may be the same as the
structure and operations of each gate driver GD included in
the gate driving unit 140.

[0045] Referring back to FIG. 1, in some cases, according
to some embodiments, the power transistor PT is a p-channel
metal oxide semiconductor (PMOS) transistor, and the gate
driving unit 140 generates the input voltage VIN as the
gating signal XGT with respect to the power transistor to be
turned off, in response to the corresponding control signal
XCON; and the gate driving unit 140 generates the negative
of the input voltage —VIN as the gating signal XGT with
respect to the power transistor to be turned on, in response
to the corresponding control signal XCON.

[0046] According to some embodiments, scaling down a
complementary metal-oxide semiconductor (CMOS) pro-
cess and reducing the power consumption of a large number
of circuits requires low-voltage driving. In particular,
because an increasing number of semiconductor devices or
electronic devices are becoming mobile, there is a need for
low-voltage operations of the devices. To meet the need for
low-voltage operations in mobile devices, the level of the
input voltage VIN used in these devices has gradually
decreased. As a result, it may be desirable for the devices to
operate at input voltages that are lower than the threshold
voltage of the power transistors PT.

[0047] For example, the threshold voltage of the power
transistor PT may be 0.5 V and the input voltage VIN may
be 0.3 V. In this case, when the gating signal XGT is applied
at the voltage of O V to turn on the power transistor PT, the
absolute value of a source-gate voltage of the power tran-
sistor PT may be lower than 0.5 V, therefore lower than the
threshold voltage of the power transistor PT. Accordingly,
the power transistor PT may not be turned on, or the power
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transistor PT is turned on but the required driving current
Idrv may not be generated; The same issue may occur when
the input voltage VIN is slightly higher than the threshold
voltage of the power transistor PT.

[0048] Inthe LDO regulator 100 according to an embodi-
ment of the present disclosure, the negative of the input
voltage —VIN generated from the gate driving unit 140 is
used in gating of the power transistors PT so that the power
transistors PT may be turned on or a current driving capa-
bility of the power transistors PT may be increased in an
environment where the LDO regulator 100 needs to be
operated at the low input voltage VIN. Accordingly, the
LDO regulator 100 according to an embodiment of the
present disclosure may be stably operated at low input
voltage VIN. Hereinafter, the description thereof will be
provided in more detail.

[0049] FIGS. 4 through 7 respectively illustrate the gate
driving unit 140 according to an embodiment of the present
disclosure.

[0050] First, referring to FIG. 4, the gate driving unit 140
according to an embodiment of the present disclosure may
include a first driving path DP1 and a second driving path
DP2.

[0051] When the control signal XCON indicates a first
mode, for example, when the control signal XCON indicates
logic low (“L”), the first driving path DP1 may output the
input voltage VIN as the gating signal XGT. In addition, the
input voltage VIN may be charged with a charging voltage
VCG in the DPL.

[0052] When the control signal XCON indicates a second
mode, for example, when the control signal XCON indicates
logic high (“H”), the second driving path DP2 may invert the
charging voltage VCG charged in the driving path DP1 into
the negative of the input voltage —VIN and output the
negative of the input —VIN as the gating signal XGT.
[0053] Next, referring to FIG. 5, the gate driving unit 140
according to an embodiment of the present disclosure may
include a voltage applying unit 142, a voltage inverting unit
144, and a voltage switching unit 146.

[0054] The voltage applying unit 142 may apply one of the
input voltage VIN and a ground voltage VSS to a first node
ND1, in response to the control signal XCON. The voltage
inverting unit 144 inverts the input voltage VIN applied
from the first node ND1 and outputs the negative of the input
voltage —VIN as the negative of the input voltage —VIN. The
voltage switching unit 146 may output one of the input
voltage VIN at the first node ND1 and the negative of the
input voltage —VIN from the voltage inverting unit 144 to a
second node ND2, in response to the control signal XCON.
[0055] Next, referring to FIG. 6, the voltage inverting unit
144 may include a charging and inverting means 144-2, and
a voltage level holding means 144-4. In some cases, when
the input voltage VIN is applied from the first node ND1, the
charging and inverting means 144-2 may charge the input
voltage VIN with the charging voltage VCG. When the
ground voltage VSS is applied from the first node ND1, the
charging and inverting means 144-2 may invert the charging
voltage VCG and generate the negative of the input voltage
-VIN. The negative of the input voltage —VIN may be
output to a third node ND3.

[0056] Here, a voltage level of the negative of the input
voltage —VIN applied to the voltage switching unit 146 may
vary due to a leakage current of wires or electric devices
electrically connected to the third node N3. For example,
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when the negative of the input voltage —VIN which is lower
than the absolute value of a required voltage level is applied
to the voltage switching unit 146, the voltage level of the
input voltage VIN is low as described above so that a power
transistor PT of FIG. 1 is not turned on or a required driving
current Idrv is not generated.

[0057] Accordingly, the voltage inverting unit 144 accord-
ing to an embodiment of the present disclosure may hold the
voltage level of the negative of the input voltage —VIN at the
third node ND3 by using the voltage level holding means
144-4. For example, when the voltage level of the third node
ND3 varies above a value, in order to maintain a voltage
level, the voltage level holding means 144-4 may apply a
level of current that corresponds to the value to the third
node ND3.

[0058] The voltage applying unit 142, the voltage invert-
ing unit 144, and the voltage switching unit 146 described
above may be disposed as illustrated in FIG. 7.

[0059] Referring to FIG. 7, the gate driving unit 140
according to an embodiment of the present disclosure may
include a first inverter IVT1, a first switch SW1, a first
capacitor Cl1, a second switch SW2, and a first transistor
TR1 through a third transistor TR3.

[0060] The first inverter IVT1 includes a first PMOS
transistor PT1 and a first NMOS transistor NT1 connected
between the input voltage VIN and the ground voltage VSS.
The control signal XCON is applied to an input terminal of
the first inverter IVT1 and one of the input voltage VIN and
the ground voltage VSS may be output to an output terminal
of the first node ND1.

[0061] The first switch SW1 is electrically connected
between the first node ND1 and the second node ND2 and
may be switched in response to the control signal XCON.
The first capacitor C1 is electrically connected between the
first node ND1 and the third node ND3. The second switch
SW2 is electrically connected between the third node ND3
and the second node ND2 and may be gated in response to
the control signal XCON. The first transistor TR1 is elec-
trically connected between the third node ND3 and the
ground voltage VSS. A second transistor TR2 is electrically
connected between the input voltage VIN and the first
transistor TR1 and may be gated in response to the control
signal XCON. The third transistor TR3 is electrically con-
nected between the third node ND3 and the first transistor
TR1 and may be gated in response to the control signal
XCON.

[0062] The first inverter IVT1 may refer to the voltage
applying unit 142 of FIG. 5, the first capacitor C1 and the
first through third transistors TR1 through TR3 may refer to
the voltage inverting unit 144 of FIG. 5, and the first and
second switches SW1 and SW2 may refer to the voltage
switching unit 146 of FIG. 5. For example, the first capacitor
C1 may be the charging and inverting means 144-2 of FIG.
6 and the first through third transistors TR1 through TR3
may be the voltage level holding means 144-4 of FIG. 6.
[0063] FIG. 7 illustrates an example where the first and
third transistors TR1 and TR3 are n-channel metal oxide
semiconductor (NMOS) transistors and the second transistor
TR2 is a PMOS transistor. The first through third transistors
TR1 through TR3 may be other types of transistors so that
the operation and efficiency of the gate driving unit 140
below according to an embodiment of the present disclosure
can be realized. The first switch SW1 may be a PMOS
transistor and the second switch SW2 may be an NMOS
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transistor in the same or a similar manner. Here, the first
switch SW1, the second switch SW2, and the first transistor
TR1 through the third transistor TR3 included in the gate
driving unit 140 according to an embodiment of the present
disclosure may refer to the transistors illustrated as in FIG.
7.

[0064] FIGS. 8 and 9 illustrate operations of the gate
driving unit 140 of FIG. 7.

[0065] Referring to FIGS. 7 and 8, when the control signal
XCON is applied as logic low (“L”), the first PMOS
transistor PT1 of the first inverter IVT1 is turned on and the
input voltage VIN is applied to the first node ND1. Similarly,
the first switch SW1, and the second transistor TR2, which
are the PMOS transistors, are also turned on. Accordingly,
the input voltage VIN of the first node ND1 may be applied
to the second node ND2 through the first switch SW1. A
voltage of the second node ND2, that is the input voltage
VIN may be output as the gating signal XGT.

[0066] Here, as the second transistor TR2 is turned on, the
input voltage VIN is applied to the gate of the first transistor
TR1. When the first transistor TR1 is the NMOS transistor
and is turned on, the ground voltage of OV is applied to the
third node ND3.

[0067] In some cases, the control signal XCON is applied
as logic low (“L”), and the first capacitor C1 may be charged
with the input voltage VIN, where the first capacitor C1 is
electrically connected between the first node ND1 and the
third node ND3, where the input voltage VIN is applied to
the first node ND1 and OV is applied to the third node ND3.
[0068] Next, referring to FIGS. 7 and 9, in the gate driving
unit 140 according to an embodiment of the present disclo-
sure, when the control signal XCON is applied as logic high
(“H”), the first NMOS transistor NT1 of the first inverter
IVT1 is turned on and the voltage of the first node ND1 is
changed to the ground voltage of OV. Accordingly, the input
voltage VIN charged to the first capacitor C1 may be
inverted to obtain the negative of the input voltage —VIN.
Thus, the negative of the input voltage —VIN may be applied
to the third node ND3.

[0069] Similarly, the second switch SW2, and the third
transistor TR3, which are the NMOS transistors, are also
turned on. Accordingly, the negative of the input voltage
-VIN applied to the third node ND3 may be applied to the
second node ND2 through the second switch SW2. The
voltage of the second node ND2, that is, the negative of the
input voltage —VIN may be output as the gating signal XGT.
[0070] Here, as the second transistor TR2 is turned off and
the third transistor TR3 is turned on, the voltage of the third
node ND?3 (in this example the negative of the input voltage
-VIN), may be applied to the gate of the first transistor TR1.
Therefore, the state that the first transistor TR1 is turned off
may be maintained so that the voltage level of the negative
of the input voltage —VIN at the third node ND3 may be
prevented from being varied due to, for example, a leakage
current.

[0071] While the control signal XCON is applied as a
logic high (“H”) according to the operations of the gate
driving unit 140 described above, the negative of the input
voltage -VIN may be applied to the gate of the power
transistor PT of FIG. 1, where the voltage level of the input
voltage —VIN corresponds to a level of driving current Idry
to the output OND. For example, the absolute value of a
source-gate voltage of the power transistor PT may be
double the input voltage VIN so that sufficient driving
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current Idrv may be supplied to the output node OND with
respect to the input voltage VIN (which may have a rela-
tively low voltage level compared to a conventional design).
[0072] FIGS. 10 and 11 respectively illustrate the LDO
regulator 100 according to an embodiment of the present
disclosure.

[0073] First, referring to FIG. 10, the power transistors PT
of'the LDO regulator 100 according to an embodiment of the
present disclosure may include a coarse power transistor PTc
and a fine power transistor PTf. The terms “coarse” and
“fine” refer control loops (with corresponding power tran-
sistors) with different voltage ranges, where the term
“coarse” refers to a first control loop with a first voltage
range and the term “fine” refers to a second control loop with
a second voltage range that is narrower than the first control
loop. According to some embodiments, the coarse power
transistor PTc may be included in a coarse loop used to
regulate the output voltage VOUT within a first voltage
range. The fine power transistor PTf may be included in a
fine loop used to regulate the output voltage VOUT within
a second voltage range, which is narrower than the first
voltage range.

[0074] For example, when voltage fluctuation of the out-
put node OND is above a reference range, the digital control
unit 130 of the LDO regulator 100 according to an embodi-
ment of the present disclosure may generate the control
signal XCON to activate the coarse loop. In this case, a first
driving current Idrvl may be applied to the output node
OND by the coarse power transistor PTc. Also, when voltage
fluctuation of the output node OND is below a reference
range, the digital control unit 130 may generate the control
signal XCON to activate the fine loop. In this case, a second
driving current Idrv2 may be applied to the output node
OND by the fine power transistor PTf.

[0075] In the examples described above, the control signal
XCON may include one or more bits indicating one loop of
the coarse loop and the fine loop to be activated, in addition
to 64 bits.

[0076] Insome cases, the driving capability of each coarse
power transistor PTc may be greater than that of each fine
power transistor PTf. In some cases, the number of the
coarse power transistors PTc may be greater than that of the
fine power transistors PTf. In some cases, the driving
capability of each coarse power transistor PTc may be
greater than that of each fine power transistor PTf and the
number of the coarse power transistors PTc may be greater
than that of the fine power transistors PTT.

[0077] According to some embodiments, the coarse loop
and the fine loop in the LDO regulator 100 may operate
during the same reference time. For example, the LDO
regulator 100 may operate while being synchronized with a
clock signal CKL. Accordingly, in the same reference time,
the first driving current Idrv1 may be greater than the second
driving current Idrv2. That is, when the coarse loop is
activated, the output voltage VOUT may be regulated within
the first voltage range, and when the fine loop is activated,
the output voltage VOUT may be regulated within the
second voltage range, and the second range is narrower than
the first range. That is, the difference between a lowest
voltage and a highest voltage of the second range may be
less than a difference between a lowest voltage and a highest
voltage of the first range.

[0078] The gate driving unit 140 according to an embodi-
ment of the present disclosure may include a coarse gate
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driving unit 142 and a fine gate driving unit 144. The coarse
gate driving unit 142 may output a coarse gating signal
XGTe, which is a gating signal of the coarse power transistor
PTc. The fine gate driving unit 144 may output a fine gating
signal XGTT, which is a gating signal of the fine power
transistor PTf.

[0079] Insome cases, the coarse gate driving unit 142 may
output one of the input voltage VIN and the negative of the
input voltage —VIN as the coarse gating signal XGTc. In
some cases, the fine gate driving unit 144 including the fine
power transistor PTT having relatively low driving capabil-
ity, compared with the coarse gate driving unit 142, may
output one of the input voltage VIN and the ground voltage
VSS as the fine gating signal XGTf.

[0080] The fine gate driving unit 144 may also output one
of the input voltage VIN and the negative of the input
voltage —VIN as the fine gating signal XGTf in situations
including when the driving capability of the fine power
transistor PTf may cause a problem due to its low input
voltage, or when the area enlargement by additional circuit
logic for applying the negative of the input voltage —VIN to
the fine power transistor PTf allows with respect to the fine
gate driving unit 144.

[0081] Next, referring to FIG. 11, the LDO regulator 100
according to an embodiment of the present disclosure may
further include a voltage recovery unit 150.

[0082] When the output voltage VOUT falls outside a
predetermined range, the voltage recovery unit 150 is acti-
vated and connected to the output node OND. For example,
the voltage recovery unit 150 may be activated when the
voltage level of the output voltage VOUT drops below a
second reference voltage VRF2 despite having a target
voltage of a first reference voltage VRF1). The voltage
recovery unit 150 accordingly regulates the range of fluc-
tuation of the output voltage (VOUT) to a second range that
is narrower than the first range

[0083] In some cases, the level of the driving current Idrv
applied to the output node OND by the power transistors PT
may vary to reduce fluctuation in the voltage level of the
output voltage VOUT. Detecting the fluctuation in the
voltage level of the output voltage VOUT (using the voltage
comparing unit 120), performing control with respect to the
detection result (using the comparative signal XCOM) (and
using the digital control unit 130), and then, regulating the
driving current Idrv through gating of the corresponding
power transistors PT may be performed by being synchro-
nized with a clock signal for the operation of the LDO
regulator 100 according to an embodiment of the present
disclosure.

[0084] Accordingly, each operation mentioned above is
performed and then, one or more clock cycles may be
needed to recover the required voltage level (for example,
the first reference voltage VRF1) of the output voltage
VOUT from the output voltage VOUT of the output node
OND, where a voltage is dropped. In some cases, the sharp
voltage drop of the output voltage VOUT may cause misop-
eration at loads connected to the output node OND. In this
regard, rapid recovery of the output voltage VOUT may be
required.

[0085] The frequency of the clock signal used to regulate
synchronization of the operation of the LDO regulator 100
according to an embodiment of the present disclosure may
be raised to reduce the time needed to recover the output
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voltage VOUT. When the frequency of the clock signal is
raised, the power required may be also increased.

[0086] The LDO regulator 100 according to an embodi-
ment of the present disclosure may further include the
voltage recovery unit 150, which, without necessarily rais-
ing the frequency of the clock signal, improves the recovery
speed of the output voltage VOUT. The voltage recovery
unit 150 according to an embodiment of the present disclo-
sure may supply a recovery current Irec to the output node
OND more rapidly using a structure that does not necessar-
ily involve supplying the driving current Idrv to the output
node OND through the power transistor PT.

[0087] In addition, the voltage recovery unit 150 accord-
ing to an embodiment of the present disclosure may perform
a recovery operation of the output voltage VOUT using the
low input voltage VIN and thereby, transient response
performance may be increased at the output node OND.
Hereinafter, the structure and operation of the voltage recov-
ery unit 150 will be further described.

[0088] FIG. 12 illustrates the voltage recovery unit 150
according to an embodiment of the present disclosure.
[0089] Referring to FIGS. 11 and 12, the voltage recovery
unit 150 according to an embodiment of the present disclo-
sure may include at least one auxiliary comparator ACP and
at least one auxiliary power transistor PTa.

[0090] E ach of the auxiliary comparators ACP may com-
pare the corresponding second reference voltage with the
output voltage VOUT of at least one second reference
voltages VRF2 and output one of the input voltage VIN and
the negative of the input voltage —-VIN as an auxiliary
comparative signal XCM. For example, when the output
voltage VOUT is lower than the corresponding second
reference voltage, the negative of the input voltage —VIN
may be output as the auxiliary comparative signal XCM.

[0091] Each of the at least one auxiliary power transistor
Pta may supply the recovery current Irec to the output node
OND, in response to the auxiliary comparative signal XCM
of the corresponding auxiliary comparator ACP from the at
least one auxiliary comparator ACP.

[0092] FIG. 12 illustrates the voltage recovery unit 150
according to an embodiment of the present disclosure that
includes three auxiliary comparators ACP and three auxil-
iary power transistors Pta.

[0093] For example, a first auxiliary comparator ACP1
may compare the level of the output voltage VOUT to a level
of a (2-1)-th reference voltage VRF21 and output a first
auxiliary comparative signal XCM1. A second auxiliary
comparator ACP2 may compare the level of the output
voltage VOUT to a level of a (2-2)-th reference voltage
VRF22 and output a second auxiliary comparative signal
XCM2. A third auxiliary comparator ACP3 may compare
the level of the output voltage VOUT to a level of a (2-3)-th
reference voltage VRF23 and output a third auxiliary com-
parative signal XCM3.

[0094] A first auxiliary power transistor Ptal may supply
a first recovery current Irecl to the output node OND, in
response to the first auxiliary comparative signal XCM1, a
second auxiliary power transistor Pta2 may supply a second
recovery current Irec2 to the output node OND, in response
to the second auxiliary comparative signal XCM2, and a
third auxiliary power transistor Pta3 may supply a third
recovery current Irec3 to the output node OND, in response
to the third auxiliary comparative signal XCM3.
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[0095] The voltage recovery unit 150 according to an
embodiment of the present disclosure may include various
numbers of auxiliary comparators ACP and auxiliary power
transistors Pta to correspond to the required transient
response performance.

[0096] According to some embodiments, reference volt-
ages are used to refer to the range of fluctuation for the
output voltage VOUT. For example, the (2-1)-th reference
voltage VRF21 through the (2-3)-th reference voltage
VRF23 may be different from each other. For example, a
voltage difference between the first reference voltage VRF1
and the (2-1)-th reference voltage VRF21 may be the
smallest and a voltage difference between the first reference
voltage VRF1 and the (2-3)-th reference voltage VRF23
may be the greatest. Also, the size and driving capability of
the first auxiliary power transistor Ptal through the third
auxiliary power transistor Pta3 may be different from each
other. For example, the size of the first auxiliary power
transistor Ptal may be the smallest and the size of the third
auxiliary power transistor Pta3 may be the greatest.

[0097] In this case, when the output voltage VOUT is
dropped below the (2-1)-th reference voltage VRF21, the
(2-2)-th reference voltage VRF22, and the (2-3)-th reference
voltage VRF23 in sequence, the first auxiliary power tran-
sistor Ptal, the second auxiliary power transistor Pta2, and
the third auxiliary power transistor Pta3 may be turned on in
order, correspondingly. Then, when the voltage level of the
output voltage VOUT is recovered sequentially and exceeds
the (2-3)-th reference voltage VRF23, the (2-2)-th reference
voltage VRF22, and the (2-1)-th reference voltage VRF21 in
sequence, the third auxiliary power transistor Pta3, the
second auxiliary power transistor Pta2, and the first auxiliary
power transistorPTal may be turned off in order, corre-
spondingly.

[0098] According to some embodiments, when the output
voltage VOUT drops sharply below the (2-3)-th reference
voltage VRF23 due to the relatively large driving capability
of the third auxiliary power transistor Pta3, a relatively large
third recovery current Irec3 is supplied to the output node
OND so the output voltage VOUT can be recovered rapidly.
During the recovery stage of the voltage level of the output
voltage VOUT, the third recovery current Irec3 is prevented
from being applied to the output node OND, and the output
voltage VOUT is instead recovered using a recovery current
with a smaller magnitude, such as the first recovery current
Irecl or the second recovery current Irec2.

[0099] Therefore, the voltage recovery unit 150 according
to an embodiment of the present disclosure may additionally
supply the recovery current Irec to the output node OND
more rapidly compared to the supply of the driving current
Idrv and thus, a problem occurring due to the sharp voltage
drop of the output voltage VOUT may be solved. In addi-
tion, the voltage recovery unit 150 according to an embodi-
ment of the present disclosure may perform the optimal
recovery operation according to a degree of the voltage drop
of the output voltage VOUT and may prevent the output
voltage VOUT from being excessively increased.

[0100] FIG. 13 illustrates the auxiliary comparator ACP
according to an embodiment of the present disclosure.
[0101] Referring to FIG. 13, the auxiliary comparator ACP
according to an embodiment of the present disclosure is an
analog comparator and may rapidly perform a comparing
operation at the low input voltage VIN without power loss
occurring due to an increase in frequency. In this regard, the
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auxiliary comparator ACP according to an embodiment of
the present disclosure may include a first auxiliary inverter
1V21 through a fourth auxiliary inverter IV24.

[0102] The first auxiliary inverter IV21 may include a
(2-1)-th PMOS transistor PT21 and a (2-1)-th NMOS tran-
sistor NT21, where the (2-1)-th PMOS transistor PT21 and
the (2-1)-th NMOS transistor NT21 are disposed between
the second reference voltage VRF2 and the negative of the
input voltage —VIN, and an input terminal and an output
terminal thereof may be connected at a (2-1)-th node ND21.
Accordingly, a voltage corresponding to the second refer-
ence voltage VRF2 may be applied to the (2-1)-th node
ND21. In order to constantly maintain a voltage level at the
(2-1)-th node ND21, a decoupling capacitor Cd may be
further included and connected between the second refer-
ence voltage VRF2 and the (2-1)-th node ND21.

[0103] A second auxiliary inverter IV22 may include a
(2-2)-th PMOS transistor PT22 and a (2-2)-th NMOS tran-
sistor NT22, (2-2)-th PMOS transistor PT22 and the (2-2)-th
NMOS transistor NT22 disposed between the output voltage
VOUT and the negative of the input voltage —VIN, and an
input terminal thereof may be connected to the output
terminal of the first auxiliary inverter IV21, that is, the
(2-1)-th node ND21. A third auxiliary inverter IV23 may
include a (2-3)-th PMOS transistor PT23 and a (2-3)-th
NMOS transistor NT23, the (2-3)-th PMOS transistor PT23
and the (2-3)-th NMOS transistor NT23 disposed between
the output voltage VOUT and the negative of the input
voltage —VIN, and an input terminal thereof may be con-
nected to an output terminal of the second auxiliary inverter
1V22 at a (2-2)-th node ND22. The fourth auxiliary inverter
1V24 may include a (2-4)-th PMOS transistor PT24 and a
(2-4)-th NMOS transistor NT24, (2-4)-th PMOS transistor
PT24 and the (2-4)-th NMOS transistor NT24 disposed
between the input voltage VIN and the negative of the input
voltage —VIN, an input terminal thereof may be connected
to an output terminal of the third auxiliary inverter IV23 at
a (2-3)-th node ND23, and the auxiliary comparative signal
XCM may be output to an output terminal thereof connected
to a (2-4)-th node ND24.

[0104] Referring to FIGS. 12 and 13, when the output
voltage VOUT drops below the second reference voltage
VRF2, the auxiliary comparator ACP according to an
embodiment of the present disclosure described above may
generate the negative of the input voltage -VIN as the
auxiliary comparative signal XCM. In this case, the negative
of the input voltage —VIN is applied to the (2-2)-th node
ND22 by the (2-2)-th NMOS transistor NT22, and the output
voltage VOUT is applied to the (2-3)-th node ND23 by the
(2-3)-th PMOS transistor PT23, and the negative of the input
voltage —VIN may be applied to the (2-4)-th node ND24 by
the (2-4)-th NMOS transistor NT24.

[0105] At the (2-4)-th node ND24, the negative of the
input voltage —VIN may be transmitted to the auxiliary
power transistor Pta as the auxiliary comparative signal
XCM. In the auxiliary comparative signal XCM, the abso-
Iute value of the source-gate voltage doubles the input
voltage VIN, that is, 2*VIN, and thereby, the driving capa-
bility of the auxiliary power transistor Pta may be increased.
Accordingly, the auxiliary power transistor Pta may rapidly
supply the recovery current Irec to the output node OND.

[0106] As described above, when the (2-1)-th reference
voltage VRF21 through the (2-3)-th reference voltage
VRF23 are different from each other, the second reference
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voltage VRF2 applied to the first auxiliary inverter [IV21 of
each auxiliary comparator ACP may be a reference voltage
corresponding to one of the (2-1)-th reference voltage
VRF21 through the (2-3)-th reference voltage VRF23. For
example, the (2-1)-th reference voltage VRF21 may be
applied to the first auxiliary inverter IV21 of the first
auxiliary comparator ACP1, the (2-2)-th reference voltage
VRF22 may be applied to the first auxiliary inverter IV21 of
the second auxiliary comparator ACP2, and the (2-3)-th
reference voltage VRF23 may be applied to the first auxil-
iary inverter [V21 of the third auxiliary comparator ACP3.
[0107] FIG. 14 illustrates the voltage recovery unit 150
according to an embodiment of the present disclosure.
[0108] Referring to FIG. 14, the voltage recovery unit 150
of FIG. 14 may include the auxiliary comparator ACP and
the auxiliary power transistor Pta described in FIG. 12. In
addition, the voltage recovery unit 150 of FIG. 14 may
further include a high pass filter (HPF). For example, an
HPF allows high-frequency signals to pass through while
blocking or attenuating low-frequency signals.

[0109] An input terminal of the high pass filter HPF may
be connected to the output node OND. An output terminal of
the high pass filter HPF may be connected to a node of the
gate driving unit 140 where the negative of the input voltage
-VIN is applied, for example, the third node ND3 of FIG.
7.

[0110] The output terminal of the high pass filter HPF is
connected to the third node ND3 of FIG. 7 of the gate
driving unit 140 and may regulate the voltage level of the
gating signal XGT, which is applied to the power transistor
PT. Accordingly, the voltage level of the gating signal XGT
may get lower to a degree for a period of time due to AC
coupling by the high pass filter HPF. Here, the high pass
filter HPF is a resistor-capacitor (RC) high pass filter HPF
and may filter a high-frequency range according to the
fluctuation of the output voltage VOUT.

[0111] In other words, the absolute value of the source-
gate voltage of the power transistor PT may get bigger by a
degree than the negative of the input voltage —VIN for a
period of time from when the voltage drop of the output
voltage VOUT occurs. Accordingly, a greater driving cur-
rent Idrv may be supplied to the output node OND.

[0112] Here, since the high pass filter HPF does not
require the operations of the voltage comparing unit 120 and
the digital control unit 130 for driving the power transistor
PT, the output voltage VOUT may be rapidly recovered.
[0113] According to the LDO regulator 100 according to
an embodiment of the present disclosure, unlike FIG. 14, the
voltage recovery unit 150 may not include the auxiliary
comparator ACP and the auxiliary power transistor Pta and
may only include the high pass filter HPF based on required
transient response, power, or area.

[0114] FIG. 15 illustrates a function of the voltage recov-
ery unit 150 according to an embodiment of the present
disclosure.

[0115] Referring to FIGS. 12 through 15, when a voltage
of a load connected to the output node OND sharply
increases, an electric charge charged to a load capacitor is
provided to the load in advance, the output voltage VOUT
may be sharply dropped. When the voltage drop of the
output voltage VOUT fluctuates above the first fluctuation
range, for example, when the output voltage VOUT is
dropped from the voltage level of the first reference voltage
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VRF1 to below the second reference voltage VRF2, the
power transistor PT is only operated as shown in pattern
in FIG. 15.

[0116] When the auxiliary comparator ACP, the auxiliary
power transistor Pta, and the high pass filter HPF included
in the voltage recovery unit 150 are operated with the power
transistor PT (pattern @), the voltage level may be rapidly
recovered compared with the case where the power transis-
tor PT is only operated (pattern @) Furthermore, when the
auxiliary comparator ACP and the auxiliary power transistor
Pta are not operated, that is, when the high pass filter HPF
is operated with the power transistor PT (pattern @), the
voltage level may be rapidly recovered compared with the
case where the power transistor PT is only operated (pattern
), and the voltage level may be slowly recovered com-
pared with the case where the power transistor PT, the
auxiliary comparator ACP, the auxiliary power transistor
I(’;)a, and the high pass filter HPF are all operated (pattern
).
[0117] Each pattern will be described in more detail below.
According to some embodiments, the LDO regulator 100
may operate while being synchronized with a clock signal
CKL and the LDO regulate includes both coarse loop and
fine loop as illustrated in FIG. 10. For example, the coarse
loop and the fine loop may operate in the same reference
time.

[0118] In an embodiment shown in pattern @, a delay
may occur from time t1, when the voltage drop of the output
voltage VOUT starts to reach below the first reference
voltage VRF1, to the point, when a selection signal XSEL is
activated to change the fine loop to the coarse loop based on
the comparative signal XCOM of the voltage comparing unit
120. FIG. 15 illustrates that the selection signal XSEL is
activated at time t2 when the first clock of the clock signal
CKL transitions to a logic high after the time t1. Here, the
fine loop may be activated based on a difference between the
output voltage VOUT and a (1-1)-th reference voltage
VRF11. When the output voltage VOUT is below a (1-2)-th
reference voltage VRF12, the coarse loop may be activated.

[0119] An additional delay may occur until the selection
signal XSEL is activated and the corresponding power
transistor PT is gated by the gating signal XGT. When the
coarse loop is activated by the selection signal XSEL, the
control signal XCON including identification information
on the power transistor PT to be turned on may be applied
to the gate driving unit 140 as described above.

[0120] FIG. 15 illustrates that a power transistor PT is
turned on at time t4 where one clock is delayed from the time
12, while 24 power transistors PT are turned on before the
time t1. After the time t4, as the output voltage VOUT is
lower than the (1-2)-th reference voltage VRF12, 24 power
transistors PT may be further turned on at time t4-1 which
is the next consecutive clock of the clock signal CLK.

[0121] For reference, in FIG. 15, only the time when the
gating signal XGT transitions to logic low (“L”) is consid-
ered in pattern @ and the voltage level of the gating signal
XGT reflects the pattern @ or AC coupling of the pattern @.
An effect on AC coupling of the gating signal XGT will be
described later.

[0122] Since two power transistors PT are further turned
on and the driving current Idrv supplied to the output node
OND increases, the voltage level of the output voltage
VOUT starts to increase at time t6 and may be recovered
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between the (1-1)-th reference voltage VRF11 and the
(1-2)-th reference voltage VRF12 at time t12.

[0123] Next, in an embodiment shown in pattern @, the
recovery current Irec may be supplied to the output node
OND by the auxiliary comparator ACP and the auxiliary
power transistor Pta, before the twenty-fifth power transistor
PT is turned on at the time t4. For example, the first auxiliary
power transistor Ptal is turned on by the first auxiliary
comparative signal XCM1, which transitions to logic low
(“L”) at the time t3 when the output voltage VOUT starts to
drop below the (2-1)-th reference voltage VRF21, and the
first recovery current Irecl may be supplied to the output
node OND.

[0124] Here, the AC coupling described above is per-
formed in the high pass filter HPF before and after the time
t1 due to the voltage drop of the output voltage VOUT, and
thus, the gating signal XGT may be set to be lower by a
degree than the negative of the input voltage —VIN. For
example, the voltage level of the gating signal XGT with
respect to 24 power transistors PT, which are already turned
on due to an effect of the AC coupling, may get lower before
the time t4 when the twenty-fifth power transistor PT is
turned on. Accordingly, the absolute value of the source-gate
voltage of the power transistor PT increases, and thereby, the
greater driving current Idrv may be supplied to the output
node OND. Also, the twenty-fifth and twenty-sixth power
transistors PT, which are turned on after the time t4, are in
the same manner.

[0125] In the section from t1 to t6, it may be demonstrated
that the voltage fluctuation range of the output voltage
VOUT decreases by the first recovery current Irecl, com-
pared with the embodiment shown in pattern @

[0126] The second auxiliary power transistor Pta2 is
turned on by the second auxiliary comparative signal
XCM2, which transitions to logic low (“L”) at the time t5
when the output voltage VOUT starts to drop below the
(2-2)-th reference voltage VRF22, and the second recovery
current Irec2 may be supplied to the output node OND.
Here, the first auxiliary power transistor Ptal maintains to be
turned on. From t1 to t8, it may be identified that the voltage
fluctuation range of the output voltage VOUT decreases by
the first recovery current Irecl and the second recovery
current Irec2.

[0127] Similarly, the third power transistor Pta3 is turned
on by the third auxiliary comparative signal XCM3, which
transitions to logic low (“L”) at the time t8 when the output
voltage VOUT starts to drop below the (2-3)-th reference
voltage VRF23, and the third recovery current Irec3 may be
supplied to the output node OND. Here, the first auxiliary
power transistor Ptal, and the second auxiliary power tran-
sistor Pta2 maintain to be turned on.

[0128] The output voltage VOUT starts to increase at t8 by
the first recovery current Irecl through the third recovery
current Irec3. According to the increase of the output voltage
VOUT, the third auxiliary comparative signal XCM3, the
second auxiliary comparative signal XCM2, and the first
auxiliary comparative signal XCM1 may respectively tran-
sition to logic high (“H”) at t9, t10, and t11, in order. In this
regard, the third recovery current Irec3, the second recovery
current Irec2, and the first recovery current Irecl may be
stopped from being respectively supplied to the output node
OND at 19, t10, and t11, in order. At t12, when the output
voltage VOUT is recovered to a voltage level between the
(1-1)-th reference voltage VRF11 and the (1-2)-th reference
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voltage VRF12, the power transistor PT and the first auxil-
iary power transistor Ptal through the third auxiliary power
transistor Pta3 may be all turned off.

[0129] FIG. 15 illustrates that a ripple phenomenon is
slightly generated at the time when the first auxiliary power
transistor Ptal through the third auxiliary power transistor
Pta3 are switched in the embodiment shown in pattern @.
Accordingly, the corresponding ripple may be reduced or
removed through optimization in circuit design or operation
control.

[0130] Next, in the embodiment shown in pattern @ where
the voltage recovery unit 150 is operated only as high pass
filter HPF, the gating signal XGT is set to be lower by a
degree than the negative of the input voltage —VIN through
the AC coupling from t1, when the output voltage VOUT
starts to drop below the first reference voltage VRF1, and
thus, the driving capability of the power transistor PT may
be increased. In this case, it may not relieve the fluctuation
range by the recovery current Irec. In some cases the
fluctuation range of the output voltage VOUT is decreased
compared to pattern @

[0131] Accordingly, in the LDO regulator 100 according
to an embodiment of the present disclosure, the recovery
current Irec is further supplied to the output node OND, in
addition to the driving current Idrv by the power transistor
PT, when the output voltage VOUT fluctuates so that the
output voltage VOUT may be rapidly recovered to a
required voltage level.

[0132] FIG. 16 illustrates the LDO regulator 100 accord-
ing to an embodiment of the present disclosure.

[0133] Referring to FIG. 16, the LDO regulator 100
according to an embodiment of the present disclosure may
further include a negative voltage supplying unit 160 for
supplying the negative of the input voltage —VIN to the
voltage recovery unit 150.

[0134] The structure of the negative voltage supplying unit
160 may be the same as or similar to a leakage current
compensation unit 170, which will be described below.
Hereinafter, the leakage current compensation unit 170 will
be described before the negative voltage supplying unit 160.
[0135] FIG. 17 illustrates the LDO regulator 100 accord-
ing to an embodiment of the present disclosure and FIG. 18
illustrates the leakage current compensation unit 170 accord-
ing to an embodiment of the present disclosure.

[0136] Referring to FIGS. 17 and 18, the LDO regulator
100 according to an embodiment of the present disclosure
may further include the leakage current compensation unit
170. The leakage current compensation unit 170 may apply
a compensation voltage VA to the driving unit 140, in
response to a first clock signal CLK1. For example, the
leakage current compensation unit 170 may apply the com-
pensation voltage VA for compensating a leakage current for
the negative of the input voltage —VIN to the third node ND3
of FIG. 7.

[0137] The leakage current compensation unit 170 may
include a first compensation inverter V31 through a third
compensation inverter IV33, a second capacitor C2, a third
capacitor C3, a (3-1)-th transistor TR31, a (3-2)-th transistor
TR32, and a first resistor R1.

[0138] The first compensation inverter IV31 may include
an input terminal, to which the first clock signal CLK1 is
applied, may be disposed between the input voltage VIN and
a ground voltage, and may include an output terminal
connected to a (3-1)-th node ND31. A second compensation
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inverter V32 may include an input terminal, to which the
first clock signal CLK1 is applied, and may be disposed
between the input voltage VIN and a (3-2)-th node ND32.
The third compensation inverter IV33 may include an input
terminal connected to the (3-2)-th node ND32, may be
disposed between the input voltage VIN and a compensation
node CND, and may include an output terminal connected to
a (3-4)-th node ND34.

[0139] The first clock signal CLK1 may be an operating
clock of the fine loop including the fine power transistor PTT
of FIG. 10. Also, the first clock signal CLK1 may be a clock
signal having a frequency lower than an operating clock of
the coarse loop where the fine power transistor PTf of FIG.
10 is included.

[0140] The second capacitor C2 may be connected
between the (3-1)-th node ND31 and a (3-3)-th node ND33.
The third capacitor C3 may be connected between the
compensation node CND and the ground voltage.

[0141] The (3-1)-th transistor TR31 may include a gate
connected to the (3-2)-th node ND32 and may be connected
between the (3-3)-th node ND33 and the ground voltage.
The (3-2)-th transistor TR32 may include a gate connected
to the (3-4)-th node ND34 and may be connected between
the input voltage VIN and the compensation node CND. The
(3-1)-th transistor TR31 and the (3-2)-th transistor TR32
may be the NMOS transistors.

[0142] The first resistor R1 may be disposed between the
(3-3)-th node ND33 and a (3-5)-th node ND35. The first
resistor R1 may be selectively included to reduce effects
occurring due to switching of phases, while the leakage
current compensation unit 170 repeatedly performs the
following operations of FIGS. 19 and 20 according to the
first clock signal CLK1. For example, the first resistor R1
may be included to relieve a temporary and sharp current
change, which may be caused when a phase of FIG. 19
(hereinafter, referred to as “phase 1) is switched to a phase
of FIG. 20 (hereinafter, referred to as “phase 2”) or the phase
2 is switched to the phase 1 in the leakage current compen-
sation unit 170. Here, the first resistor R1 may have a small
size to reduce the effects of the voltage drop by the first
resistor R1.

[0143] FIGS. 19 and 20 respectively illustrate operations
of the leakage current Compensation unit 170 according to
an embodiment of the present disclosure.

[0144] First, referring to FIG. 19, the leakage current
compensation unit 170 according to an embodiment of the
present disclosure may generate the negative of the input
voltage —VIN at the section, where the first clock signal
CLK1 is logic low (“L), that is, at phase 1.

[0145] For example, a (3-1)-th PMOS transistor PT31 and
a (3-2)-th PMOS transistor PT32 are turned on and a (3-1)-th
NMOS transistor NT31 and a (3-2)-th NMOS transistor
NT32 are turned off. The (3-1)-th PMOS transistor PT31 and
a (3-2)-th PMOS transistor PT32respectively included in the
first compensation inverter IV31 and the second compensa-
tion inverter IV32, where the first clock signal CLK1 is
applied to the input terminals thereof, respectively. Accord-
ingly, the input voltage VIN is applied to the (3-1)-th node
ND31 and the (3-2)-th node ND32.

[0146] The (3-1)-th transistor TR31, which is an NMOS
transistor, is turned on by the input voltage VIN of the
(3-2)-th node ND32 and thus, the ground voltage is applied
to the (3-3)-th node ND33. Accordingly, the second capaci-
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tor C2 is charged with the input voltage VIN connected
between the (3-1)-th node ND31 and the (3-3)-th node
ND33.

[0147] A (3-3)-th PMOS transistor PT33 and a (3-3)-th
NMOS transistor NT33 included in the third compensation
inverter IV33 are respectively turned off and turned on by
the input voltage VIN of the (3-2)-th node ND32. Thus, the
(3-2)-th transistor TR32, which is an NMOS transistor gated
by the voltage of the (3-4)-th node ND34, is turned off.
[0148] While the leakage current compensation unit 170 is
stable, the negative of the input voltage —VIN charged in the
third capacitor C3 at the section, where the first clock signal
CLK1 is logic high (“H”), may be output as the compensa-
tion voltage VA at the section, where the first clock signal
CLK1 is logic low (“L”).

[0149] Next, referring to FIG. 20, in the leakage current
compensation unit 170 according to an embodiment of the
present disclosure, the voltage level at the compensation
node CND, that is, the voltage level of the compensation
voltage VA, may be maintained as the negative of the input
voltage —VIN generated at the section, where the first clock
signal CLK1 is logic low (“L”), at the section where the first
clock signal CLK1 is logic high (“H”), that is, at the phase
2.

[0150] For example, when the first clock signal (CLK1) is
applied to the input terminals of the (3-1)-th PMOS tran-
sistor PT31 and the (3-2)-th PMOS transistor PT32 included
in the first compensation inverter IV31 and the second
compensation inverter IV32, respectively, these transistors
are turned off and the (3-1)-th NMOS transistor NT31 and
the (3-2)-th NMOS transistor NT32 are turned on. Also, the
(3-1)-th transistor TR31, which is an NMOS transistor gated
by the voltage of the (3-2)-th node ND32, and the (3-1)-th
NMOS transistor NT31 of the third compensation inverter
1V33 are turned on. The (3-2)-th transistor TR32, which is
an NMOS transistor gated by the voltage of the (3-4)-th node
ND34, is also turned on.

[0151] Accordingly, the negative of the input voltage
-VIN is charged in the third capacitor C3. As described
above, the voltage drop of the first resistor R1 may be
negligible.

[0152] Referring back to FIGS. 17 and 18, operations of
the phase 1 and the phase 2 are repeatedly performed after
being synchronized with the first clock signal CLK1 having
a frequency so that the compensation voltage VA may be
applied to the gate driving unit 140 as the negative of the
input voltage —VIN having some ripple generated due to
switching of the phase 1 and the phase 2. As described
above, as the compensation voltage VA is applied to the third
node ND3 of the gate driving unit 140 illustrated in FIG. 7,
the voltage fluctuation of the negative of the input voltage
—-VIN occurring due to a leakage current as time passes may
be compensated.

[0153] Accordingly, in the LDO regulator 100 according
to an embodiment of the present disclosure, the power
transistors PT may be operated with a sufficient current
driving capability at a required level by the negative of the
input voltage —VIN.

[0154] Referring to FIGS. 16 and 18, the negative voltage
supplying unit 160 may have the same or similar structure
and perform the same or similar operations as those of the
leakage current compensation unit 170, as described above.
An output node of the negative voltage supplying unit 160
(corresponding to the compensation node CND of the leak-
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age current compensation unit 170) may be connected to the
auxiliary comparator ACP of FIG. 13.

[0155] Here, the negative voltage supplying unit 160 of
FIG. 16 is operated with a clock signal, that is faster than the
first clock signal CLK1, and may include a greater capacitor
than the second capacitor C2, and the third capacitor C3. For
example, when the first clock signal CLK1 of the leakage
current compensation unit 170 is 1 MHz, the negative
voltage supplying unit 160 may be 10 MHz. Also, when the
second capacitor C2 and the third capacitor C3 of the
leakage current compensation unit 170 are respectively 20
pF, the negative voltage supplying unit 160 may be 20 pF.
[0156] This is because the fluctuation range of the current
is not relatively wide in the leakage current compensation
unit 170 due to the compensation for a leakage current in the
gate driving unit, whereas the fluctuation range of the
current used in operating the auxiliary comparator ACP is
relatively wide in the negative voltage supplying unit 160 as
illustrated in FIG. 13.

[0157] FIGS. 21 through 23 respectively illustrate the
LDO regulator 100 according to an embodiment of the
present disclosure.

[0158] Referring to FIG. 21, the LDO regulator 100
according to an embodiment of the present disclosure may
include a plurality of coarse power transistors PTc, a plu-
rality of fine power transistors PTf, and an LDO controller
LCT.

[0159] The coarse power transistors PTc and the fine
power transistors PTf may be each connected between the
input node IND and the output node OND. The output
voltage VOUT of the output node OND may be regulated
within the first voltage range by the coarse power transistor
PTc. The output voltage VOUT may be regulated within the
second voltage range, which is narrower than the first
voltage range, by the fine power transistor PTf. The coarse
power transistor PTc and the fine power transistor PTT may
respectively supply the first driving current Idrvl and the
second driving current Idrv2 to the output node OND.
[0160] The LDO controller LCT may apply one of the
input voltage VIN and the negative of the input voltage
-VIN to the coarse power transistor PTc or the plurality of
fine power transistors PTf. The coarse power transistor PTc
or the plurality of fine power transistors PTf may be gated
by one of the input voltage VIN and the negative of the input
voltage -VIN.

[0161] The operation of the LDO controller LCT may be
different from the voltage comparing unit 120, and is not
limited thereto. For example, the digital control unit 130,
and the gate driving unit 140 of FIG. 10. For example, unlike
the gate driving unit 140 of FIG. 10, the LDO controller
LCT may not directly generate the negative of the input
voltage —VIN, may generate the negative of the input
voltage —VIN from other outside or inside logic, and then,
may apply the generated negative of the input voltage —VIN
to the coarse power transistor PTc or the fine power tran-
sistor PTT.

[0162] Next, referring to FIG. 22, the LDO regulator 100
according to an embodiment of the present disclosure may
include a coarse loop CLP, a fine loop FLP, and a loop
selection unit 180. Here, it may be understood that the loop
selection unit 180 may be entirely or partly included in the
coarse loop CLP or the fine loop FLP according to the
meaning of the word, loop. The loop selection unit 180,
which may be a part of or common to both coarse loop CLP
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and fine loop FLP, is described as a separate component
from the coarse loop CLP and the fine loop FLP.

[0163] The coarse loop CLP may include a first shift
resistor SR1 and a first negative voltage gate driver NVGD1
with a plurality of coarse power transistor PTc connected
between the input node IND and the output node OND,
wherein the first shift resistor SR1 generates a first control
signal XCON1, in response to the comparative signal
XCOM, and the first negative voltage gate driver NVGD1
applies a gating voltage of the coarse power transistor PTc,
in response to the first control signal XCONT1. The fine loop
FLP may include a second shift resistor SR2 and a second
negative voltage gate driver NVGD2 with a plurality of fine
power transistors PTf connected between the input node
IND and the output node OND, wherein the second shift
resistor SR2 generates a second control signal XCON2, in
response to the comparative signal XCOM, and the second
negative voltage gate driver NVGD?2 applies a gating volt-
age of the fine power transistor PTf, in response to the
second control signal XCON2.

[0164] The first negative voltage gate driver NVGDI1 and
the second negative voltage gate driver NVGD2 may be
respectively the same as the coarse gate driving unit 142 and
the fine gate driving unit 144 illustrated in FIG. 7.

[0165] The loop selection unit 180 includes a comparator
CMP, a load director LD, and a mode selection unit MS and
may select or activate one of the coarse loop CLP and the
fine loop FLP.

[0166] The comparator CMP may correspond to the volt-
age comparing unit 120 of FIG. 1. The comparator CMP
may be operated by being synchronized with a coarse clock
signal CKLc, which is an operating clock of the coarse loop
CLP.

[0167] The load director LD may output the selection
signal XSEL based on the voltage level of the output node
OND as the (1-1)-th reference voltage VRF11 and the
(1-2)-th reference voltage VRF12. The (1-1)-th reference
voltage VRF11 and the (1-2)-th reference voltage VRF12
may be the same as those of FIG. 15.

[0168] The mode selection unit MS may generate a mode
signal XMOD for ordering activation of one of the coarse
loop CLP and the fine loop FLP, in response to the selection
signal XSEL. The mode selection unit MS may transmit the
mode signal XMOD to the first shift resistor SR1 by being
synchronized with the coarse clock signal CKILc or by being
synchronized with a fine clock signal CKLf, which is an
operating clock of the fine loop FLP. The period of the
coarse clock signal CKLc may be faster than that of the fine
clock signal CKLf. For example, when the coarse clock
signal CKLc is 10 MHz, the fine clock signal CKLf may be
1 MHz.

[0169] The first negative voltage gate driver NVGDI, the
second negative voltage gate driver NVGD2, and the loop
selection unit 180 may be included in the LDO controller
LCT of FIG. 21.

[0170] Next, referring to FIG. 23, the LDO regulator 100
according to an embodiment of the present disclosure may
further include a voltage recovery loop VLP. The voltage
recovery loop VLP may include an adaptive transient recov-
ery path ATRP and/or the high pass filter HPF.

[0171] When the output voltage VOUT at the output node
OND varies above the first fluctuation range, the adaptive
transient recovery path ATRP supplies a recovery current to
the output node OND and may regulate the range of fluc-
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tuation of the output voltage VOUT to be within the second
fluctuation range which is narrower than the first fluctuation
range. The structure and operation of the adaptive transient
recovery path ATRP of FIG. 23 may be the same as or
similar to the voltage recovery unit 150 of FIG. 12.

[0172] The high pass filter HPF includes the input terminal
connected to the output node OND and the output terminal
connected to the third node ND3 of FIG. 7 of the first
negative voltage gate driver NVGD1 and/or the second
negative voltage gate driver NVGD2 and may drop the
voltage level of the negative of the input voltage —-VIN
applied to the corresponding power transistor PT. The struc-
ture and operation of the high pass filter HPF of FIG. 23 may
be the same as or similar to the high pass filter HPF of FIG.
14.

[0173] Furthermore, the LDO regulator 100 according to
an embodiment of the present disclosure may further include
a dual negative voltage tank DNVT for supplying the
negative of the input voltage —VIN to the adaptive transient
recovery path ATRP or maintaining the voltage level of the
negative of the input voltage —VIN applied to the gate of the
coarse power transistor PTc in the coarse loop CLP or the
fine power transistor PTf in the fine loop FLP. The structure
and operation of the dual negative voltage tank DNVT may
be the same as or similar to the structure and operation
including the negative voltage supplying unit 160 of FIG. 16
and the leakage current compensation unit 170 of FIG. 17.

[0174] As described above, the number of the first nega-
tive voltage gate driver NVGD1 and the second negative
voltage gate driver NVGD2 may respectively correspond to
the number of coarse power transistors PTc and fine power
transistors PTf. Here, a compensation switching unit CSU
may be further included, wherein the compensation switch-
ing unit CSU electrically connects the dual negative voltage
tank DNVT to the negative voltage gate driver, in which
compensation of a leakage current for the negative of the
input voltage -VIN is required, from the first negative
voltage gate driver NVGD1 and the second negative voltage
gate driver NVGD2.

[0175] The compensation switching unit CSU may
include the number of switches that corresponds to the
number of the first negative voltage gate driver NVGD1 and
the negative voltage gate driver NVGD2. The third node
ND3 (in FIG. 7) of the corresponding negative voltage gate
driver and the compensation node CND (in FIG. 18) of the
dual negative voltage tank DNVT may be electrically con-
nected or electrically opened by each switch. Accordingly,
an unnecessary waste of power may be prevented. Each
switch may be switched by a voltage level of the corre-
sponding negative voltage gate driver.

[0176] When the compensation switching unit CSU is
included, the output terminal of the high pass filter HPF may
be electrically connected to a node of the compensation
switching unit CSU connected to the compensation node
CND (in FIG. 18) of the dual negative voltage tank DNVT,
instead of the third node ND3 (in FIG. 7) of the first negative
voltage gate driver NVGD1 and the second negative voltage
gate driver NVGD2. Accordingly, wiring complexity may be
reduced, compared to the case where the output terminal of
the high pass filter HPF is connected to a plurality of
negative voltage gate drivers.

[0177] FIG. 24 illustrates a semiconductor device 1000
according to an embodiment of the present disclosure.
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[0178] Referring to FIG. 24, the semiconductor device
1000 according to an embodiment of the present disclosure
includes the LDO regulator 100 described above. The semi-
conductor device 1000 may be operated at a constant voltage
by the LDO regulator 100 or may further include a power
management integrated circuit PMIC for applying the input
voltage VIN to the LDO regulator 100. Also, the semicon-
ductor device 1000 may be the integrated circuit of the LDO
regulator 100.

[0179] According to the LDO regulator and the semicon-
ductor device including the same, a negative of the input
voltage is used in gating of the power transistors PT so that
the power transistors PT may be normally turned on or a
current driving capability of the power transistors PT may be
increased in an environment where the L.DO regulator needs
to be operated at a low input voltage. Accordingly, the LDO
regulator may be stably operated.

[0180] In addition, according to the LDO regulator and the
semiconductor device including the same, a negative input
voltage applied to the power transistors PT is generated by
using a simple circuit logic and is maintained so that the
LDO regulator may be stably operated at a low input voltage
and the operations may be performed in a small area or with
low power.

[0181] While the present disclosure has been described
with reference to embodiments thereof, it will be apparent to
those of ordinary skill in the art that various changes and
modifications may be made thereto without departing from
the spirit and scope of the present disclosure as set forth in
the following claims.

What is claimed is:

1. A low dropout (LDO) regulator comprising:

one or more power transistors configured to dispose
between an input node and an output node, wherein the
input node is a node to which an input voltage is
applied and the output node is a node from which an
output voltage is output;

a voltage comparing unit configured to generate a com-
parative signal based on a difference between the
output voltage and a first reference voltage;

a digital control unit configured to generate a control
signal for gating of the one or more power transistors
in response to the comparative signal; and

a gate driving unit configured to output a gating signal for
the one or more power transistors in response to the
control signal, wherein the gating signal is correspond-
ing to one of the input voltage and a negative of the
input voltage.

2. The LDO regulator of claim 1, wherein the gate driving
unit comprises one or more gate drivers, and wherein a
number of the one or more gate drivers corresponds to a
number of the one or more power transistors.

3. The LDO regulator of claim 1, wherein the gate driving
unit comprises:

a first driving path for outputting the input voltage as the
gating signal and charging the input voltage with a
charging voltage, when the control signal indicates a
first mode; and

a second driving path for inverting the charging voltage
into a negative of the input voltage and outputting the
negative of the input voltage as the gating signal, when
the control signal indicates a second mode.

4. The LDO regulator of claim 1, wherein the gate driving

unit comprises:
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a voltage applying unit for applying one of the input
voltage and a ground voltage to a first node, in response
to the control signal;

a voltage inverting unit for inverting the input voltage
applied from the first node into a negative of the input
voltage and outputting the negative of the input volt-
age; and

a voltage switching unit for outputting one of the input
voltage and the negative of the input voltage to a
second node, in response to the control signal, wherein
the input voltage is applied from the first node and the
negative of the input voltage is from the voltage
inverting unit.

5. The LDO regulator of claim 4, wherein the voltage

inverting unit comprises:

a charging and inverting means, wherein the charging and
inverting means charges the input voltage with a charg-
ing voltage when the input voltage is applied from the
first node and inverts the charging voltage when a
ground voltage is applied from the first node, and
outputs the negative of the input voltage to a third node;
and

a voltage level holding means for holding a voltage level
of the negative of the input voltage at the third node as
constant.

6. The LDO regulator of claim 1, wherein the gate driving

unit comprises:

a first inverter comprising an input terminal, wherein the
control signal is applied to the input terminal, and
wherein the first inverter outputs one of the input
voltage and a ground voltage to an output terminal of
a first node;

a first switch connected between the first node and a
second node, wherein the first switch is switched in
response to the control signal;

a first capacitor connected between the first node and a
third node;

a second switch connected between the third node and the
second node, wherein the second switch is gated in
response to the control signal;

a first transistor connected between the third node and the
ground voltage;

a second transistor connected between the input voltage
and a gate of the first transistor, wherein the second
transistor is gated in response to the control signal; and

a third transistor connected between the third node and the
gate of the first transistor, wherein the third transistor is
gated in response to the control signal.

7. The LDO regulator of claim 1, wherein the one or more

power transistors comprise:

a coarse power transistor included in a coarse loop used
to regulate the output voltage within a first voltage
range; and

a fine power transistor included in a fine loop used to
regulate the output voltage within a second voltage
range, wherein the second voltage range is narrower
than the first voltage range.

8. The LDO regulator of claim 7, wherein the gate driving

unit comprises:

a coarse gate driving unit for outputting one of the input
voltage and the negative of the input voltage as a gating
signal of the coarse power transistor; and
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a fine gate driving unit for outputting one of the input
voltage and a ground voltage as a gating signal of the
fine power transistor.

9. The LDO regulator of claim 1, further comprising a
voltage recovery unit connected to an output node of the one
or more power transistors and regulating a range of fluctua-
tion of the output voltage within a second fluctuation range,
wherein the second fluctuation range is narrower than a first
fluctuation range, and wherein the output voltage varies
above the first fluctuation range.

10. The LDO regulator of claim 9, wherein the voltage
recovery unit comprises:

at least one auxiliary comparator for each comparing a
corresponding second reference voltage with the output
voltage of at least one second reference voltages and
outputting one of the input voltage and the negative of
the input voltage as an auxiliary comparative signal;
and

at least one auxiliary power transistor for each supplying
a recovery current to the output node, in response to the
auxiliary comparative signal of the corresponding aux-
iliary comparator from the at least one auxiliary com-
parator.

11. The LDO regulator of claim 10, wherein the at least

one auxiliary comparator comprises:

a first auxiliary inverter disposed between the correspond-
ing second reference voltage of the at least one second
reference voltages and the negative of the input volt-
age, wherein an input terminal and an output terminal
of the first auxiliary inverter are connected at a (2-1)-th
node;

a second auxiliary inverter disposed between the output
voltage and the negative of the input voltage, wherein
an input terminal of the second auxiliary inverter is
connected to the output terminal of the first auxiliary
inverter;

a third auxiliary inverter disposed between the output
voltage and the negative of the input voltage, wherein
an input terminal of the third auxiliary inverter is
connected to an output terminal of the second auxiliary
inverter at a (2-2)-th node; and

a fourth auxiliary inverter disposed between the input
voltage and the negative of the input voltage, wherein
an input terminal of the fourth auxiliary inverter is
connected to an output terminal of the third auxiliary
inverter at a (2-3)-th node and the auxiliary compara-
tive signal is output to an output terminal of the fourth
auxiliary inverter connected to a (2-4)-th node.

12. The LDO regulator of claim 9, wherein the voltage
recovery unit further comprises a high pass filter, wherein
the high pass filter is connected to the output node and
applies a filtering voltage corresponding to the range of
fluctuation of the output voltage to the gate driving unit.

13. The LDO regulator of claim 9, further comprising a
negative voltage supplying unit for supplying the negative of
the input voltage to the voltage recovery unit.

14. The LDO regulator of claim 1, further comprising a
leakage current compensation unit for compensating a leak-
age current for the negative of the input voltage of the gate
driving unit, in response to a first clock signal.

15. The LDO regulator of claim 14, wherein the leakage
current compensation unit comprises:
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a first compensation inverter disposed between the input
voltage and a ground voltage, wherein the first com-
pensation inverter includes a first input terminal and an
output terminal connected to a (3-1)-th node, and
wherein the first clock signal is applied to the first input
terminal;

a second compensation inverter disposed between the
input voltage and a (3-2)-th node, wherein the second
compensation inverter includes a second input termi-
nal, and wherein the first clock signal is applied to the
second input terminal;

a second capacitor connected between the (3-1)-th node
and a (3-3)-th node;

a (3-1)-th transistor connected between the (3-3)-th node
and the ground voltage, wherein the (3-1)-th transistor
includes a gate connected to the (3-2)-th node;

a third compensation inverter disposed between the input
voltage and a compensation node, and comprises an
output terminal connected to a (3-4)-th node, wherein
the third compensation inverter includes a third input
terminal connected to the (3-2)-th node;

a first resistor connected between the (3-3)-th node and a
(3-5)-th node; and

a (3-2)-th transistor disposed between the (3-5)-th node
and the compensation node, wherein the (3-2)-th tran-
sistor includes a gate connected to the (3-4)-th node.

16. A low dropout (LDO) regulator comprising:

a coarse loop for regulating an output voltage of an output
node within a first voltage range by controlling gating
of one or more coarse power transistors; and

a fine loop for regulating the output voltage within a
second voltage range narrower than the first voltage
range by controlling gating of one or more fine power
transistors, wherein each of the one or more coarse
power transistors and the one or more fine power
transistors is gated by a gating signal, wherein the
gating signal is corresponding to one of an input
voltage and a negative of the input voltage.

17. The LDO regulator of claim 16, when the output
voltage at the output node varies above a first fluctuation
range, further comprising a voltage recovery loop for sup-
plying a recovery current to the output node and regulating
the range of fluctuation of the output voltage to be within a
second fluctuation range, wherein the second fluctuation
range is narrower than the first fluctuation range.

18. The LDO regulator of claim 16, further comprising a
dual negative voltage tank for compensating a leakage
current for the negative of the input voltage in the coarse
loop or the fine loop or supplying the negative of the input
voltage to a voltage recovery loop.

19. The LDO regulator of claim 18, wherein the coarse
loop and the fine loop each comprises a plurality of negative
voltage gate drivers for applying the negative of the input
voltage to a corresponding power transistor from the coarse
power transistors and the fine power transistors, and the
LDO regulator further comprises a compensation switching
unit, wherein the compensation switching unit electrically
connects the dual negative voltage tank to the negative
voltage gate driver.

20. A semiconductor device comprising the low dropout
(LDO) regulator of claim 1.
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